The characterization of diversity in germplasm collections is important to plant breeders for crop improvement and to genebank curators for efficient and effective management of collection. The objective of our study was to describe the phenotypic diversity of the 16 820 accessions of chickpea (Cicer arietinum L.) germplasm contained in the ICRISAT genebank. The germplasm accessions were characterized for seven morphological descriptors, reaction to fusarium wilt, and 13 agronomic traits to determine phenotypic variation in different geographical regions. Phenotypic variation was found for most traits in all the regions. The means for different agronomic traits differed significantly between regions. The variances for all the traits among regions were heterogeneous. South Asia contained maximum range variation for all the traits. The Shannon-Weaver diversity index was variable in different regions for different traits. Among morphological traits seed colour and among agronomic traits days to 50% flowering showed the highest pooled diversity index. The Mediterranean region, which is the primary center of diversity, and Africa, which has the secondary center of diversity in Ethiopia, were poorly represented. Principal component analysis (PCA) using 13 traits and clustering of the first three PC scores delineated two regional clusters consisting Africa, South Asia, and Southeast Asia in the first cluster and the Americas, Europe, West Asia, Mediterranean region, and East Asia in the second cluster.
Introduction
Chickpea is a major food legume in many countries including Algeria, Ethiopia, India, Iran, Mexico, Morocco, Myanmar, Pakistan, Spain, Syria, Tanzania, Tunisia, and Turkey. Chickpea does not contain any specific antinutritional factors such as beta-oxyldiamino-propionic acid in grass pea (Lathyrus sativus L.), vicin in faba bean (Vicia faba L.) and trypsin inhibitor in soybean (Glycine max (L.) Merrill), although it has oligosaccharides which cause flatulence (Williams and Singh, 1987) . In 2001, the crop was cultivated on 8.58 million hectares in the world producing 6.06 million tonnes and average productivity was 0.71 t ha −1 (Food and Agriculture Organization of the United Nations, 2001). Of the world production, 78.6% is produced in Asia on 84.5% area, 5.4% in Africa on 6.1% area, 10.7% in North and Central America (mainly Canada and Mexico) on 5.5%, 3.9% in Oceania (mainly Australia) on 2.7%, and 1.1% in Europe on 1.1%. In Asia, India accounts for 67.3% of the area and 71.1% production. Other important countries in Asia are Iran (7.6% area, 3.3% production), Myanmar (2.3% area, 2.5% production), Pakistan (12.4% area, 8.3% production) , and Turkey (7.9% area, 11.3% production). Productivity in these countries ranges from 0.29 t ha −1 in Iran to 0.94 t ha −1 in Turkey. The average world productivity of chickpea is low and improving the genetic potential of crop for yield is an important objective in most breeding programs (Singh, 1987) . It is estimated that major biotic and abiotic stresses reduce at least 50% potential yield of this crop in major production regions of the world (Ryan, 1997 The importance of increasing the use of genetic resources to enhance genetic potential of the crop and in alleviating biotic and abiotic stresses has been well recognized (Singh, 1987) . The emphasis on preservation of crop germplasm led to assembling and maintaining a very large number of germplasm collections. At ICRISAT, the genebank contains 16 992 accessions from 44 countries. Of these, 4150 accessions were obtained from 65 collection missions in 14 countries (Afghanistan, Bangladesh, Ethiopia, India, Kenya, Malawi, Morocco, Myanmar, Nepal, Pakistan, Syria, Tanzania, Turkey, and Uganda). The other 12 842 accessions of cultivated species were obtained from donations by 42 countries.
There are limited reports on variation in chickpea germplasm (Murty, 1975; Narayan & Macefield, 1976; Moreno & Cubero, 1978; Robertson et al., 1997) . These studies, except that of Narayan & Macefield (1976) who used 5477 accessions from 16 countries, used a limited number of accessions from a few countries. Moreno & Cubero (1978) studied 150 accessions selected from five geographical regions and Murty (1975) 459 from 16 countries. The ICRISAT genebank contains the largest collection of 16 992 accessions of chickpea from 44 countries. The germplasm accessions have been characterized for morphological and agronomic traits over a period of time . However, the extent of variation in different geographical regions for various traits has not been described. The objective of the present research was to describe phenotypic variation found in the ICRISAT chickpea collection from different geographical regions of the world and to determine the similarities between regions.
Material and methods
In total 16 820 accessions originating from 43 countries and contained in the ICRISAT genebank were used for this study. A total of 172 accessions was excluded from this study-three from Australia because of the low seed number, and another 169 accessions, due to lack of information on origin. ICRISAT & ICARDA, 1993) . The number of entries characterized/evaluated during 25 years depended upon acquisition of new accessions and availability of sufficient seed and ranged from 3984 in 1974 to 64 in 1998. In all the years augmented design was used. Three control cultivars, JG 62, L 550, and G 130 were included in evaluations from 1974 to 1980 , and Annigeri, L 550, and G 130 from 1981 to 1998 . The control cultivars were repeated after every 20 test entries from 1974 to 1979 and after every 10 test entries from 1980 to 1998. In each entry five representative plants were selected randomly to record data on plant height (cm), plant width (cm), number of basal primary branches, apical primary branches, basal secondary branches, apical secondary branches, and tertiary branches, number of pods per plant, and number of seeds per pod. Days to 50% flowering (days from sowing to the stage when 50% plants have begun flowering), days to maturity (from sowing to the stage when 90% pods have matured and turned yellow), 100-seed weight (g) and plot yield were also recorded on plot basis in all the accessions. The reaction of 12 549 accessions to fusarium wilt was assessed on a scale 1 (resistant, 0-10% diseased plants), 2 (moderately resistant, 11-40% diseased plants, and 3 (susceptible, > 41% diseased plants).
Phenotypic proportions of seven morphological descriptors and reaction to fusarium wilt were calculated in each region. Statistical analysis of quantitative traits data was performed using Residual Maximum Likelihood (REML) approach. Data was first analysed separately for each of the year and combined for 25 years to estimate components of variance due to entry (genotype) and entry × year interactions and to obtain predicted means of each of the entries. Later on re- gions (as fixed) and years (as random) were considered using predicted mean of entry from previous analysis to determine importance of regions and region × year interactions. The mean, range and variances of all the quantitative traits were calculated for each of the regions. The means of different regions for all traits were compared using the Newman-Keuls procedure (Newman, 1939; Keuls, 1952) . The homogeneity of variances of regions was tested using Levene's test (Levene, 1960 ). The diversity index (H') of Shannon & Weaver (1949) was used as a measure of phenotypic diversity for each trait. The index was estimated for each character over all accessions and for all characters within a region. By pooling various characters across geographical regions, the additive properties of H' were used to evaluate the diversity of the regions and characters within populations.
Principal component analysis (PCA) of data of 13 quantitative traits was performed. The mean observations of traits for each region were standardized by subtracting from each observation the mean value of the character and subsequently dividing by its respective standard deviation. This resulted in standardized values for each trait with average 0 and standard deviation of 1 or less. The standardized values were used to perform principal component analysis (PCA) on Genstat 5 Release 4.1. Cluster analysis (Ward, 1963) was performed using scores of first three principal components.
Results and discussion
South Asia is represented by the largest number of accessions (7873 accessions, 46.8% of the total) followed by West Asia (5564, 33.1%) in the ICRISAT genebank. India in South Asia with 7174 accessions (91.1% of the region) and Iran with 4838 accessions (87.0% of the region) in West Asia are the two major germplasm contributing countries (Table 1 ). The Mediterranean region, which is one of the two primary centers of diversity, contributed only 1240 accessions (7.4%) and was under-represented. Ethiopia, which is the secondary center of diversity, and is grouped in Africa (1123 accessions, 6.7% of the total), was also under-represented by 928 accessions (82.6% of the region).
The seven morphological descriptors showed differences among geographical regions in their distribution and range of variation ( Table 2) . None of the morphological descriptors was monomorphic and most showed at least two relatively frequent phenotypic classes. Plant colour showed a pattern typical to the regions in which different chickpea types are grown. Non-anthocyanin containing accessions which are characteristic of kabuli chickpeas were less frequent in the South Asia, Southeast Asia, and Africa where desi chickpeas having low-or high-anthocyanin accessions are cultivated. Similarly, East Asia, the Mediterranean region, and Europe, the non-anthocyanin accessions are cultivated. The pattern for flower colour, seed colour, seed shape, and seed surface across different regions was similar to plant colour. Thus kabuli characteristics such as white flower, owls' head seed shape, a smooth seed surface, and beige seeds were more frequent in East Asia, the Mediterranean region, and Europe. Accessions with pink flowers, brown or yellow-brown seeds, angular seed shape, and rough seed surface, were abundant in South Asia, Southeast Asia, and Africa. Erect, prostrate and spreading growth habits had a very low frequency across all the regions except East Asia. Semi-erect and semispreading growth habits were evenly distributed in South Asia, whereas in the rest of the regions, except Southeast Asia, semi-erect accessions were predominant (Table 2) . Accessions resistant to fusarium wilt were available from all regions, however, their proportion was slightly higher in the accessions from South Asia, Southeast Asia, and West Asia. This may be due to the fact that although fusarium wilt is a widespread disease in large chickpea-growing countries (Nene et al., 1991) , it is more serious disease in these three regions (Nene & Reddy, 1987) .
The variance component due to entry was significant for most of the traits in all the 25 years indicating that significant variability was added to the ICRISAT chickpea collection during this period. In the combined analysis the entry component was significant for 10 traits; days to 50% flowering, plant height, plant width, days to maturity, number of basal primary branches, apical primary branches, basal secondary branches, and apical secondary branches, seeds per pod, and 100-seed weight (data not given) and the entry × year interaction component was significant for all the traits. In the analysis involving regions and years, the regions differed significantly for all the traits, except number of tertiary branches, and region × year interaction for all the traits (data not given).
There were significant differences among regions for all 13 agronomic traits (Table 3) . Accessions from Africa took the least number of days to 50% flowering (54.4 days) and accessions from Southeast Asia for maturity (109.7 days) whereas accessions from East Asia were the latest to flower (70.1 days), and accessions from Europe, to mature (124.6 days). The accessions from Europe had the highest number of pods per plant (53.2) and produced highest plot yield (1469 kg ha −1 ) compared to those from Southeast Asia (925 kg ha −1 ). The highest 100-seed weight was observed in the accessions from Europe (25.7 g) followed by the Mediterranean region (22.6 g), Americas (21.1 g), East Asia (20.9 g), and the lowest was in the accessions from Africa (14.8 g), indicating the relative importance of seed size in these regions. In Europe, the Mediterranean region, and Americas, large-seeded kabuli cultivars are preferred whereas in South Asia, Southeast Asia, and Africa mostly small-seeded desi cultivars are grown.
All regions, except Southeast Asia, showed more than 66% average range of the entire collection. South Asia and West Asia showed 100% range for the seven morphological descriptors and reaction to fusarium wilt, and the Mediterranean region showed 100% range variation for all morphological descriptors except for plant colour (data not shown). The 13 agronomic traits showed a large range for different traits in different regions. South Asia showed a 100% range of entire collection for three traits, days to 50% flowering, number of basal secondary branches, and apical secondary branches, and 73.1% to 99.6% range for the remaining 10 traits (Table 4) . On average South Asia (Table 5) . East Asia had the highest variances for four traits, days to 50% flowering, plant height, plant width, and days to maturity, and Africa had highest variances for apical primary branches, pods per plant, and seeds per pod and Europe for basal primary branches, basal secondary branches, apical secondary branches, and plot yield ( Table 5 ). The Shannon-Weaver diversity index (H') was calculated to compare phenotypic diversity among characters and regions. The index is used as a measure of allelic richness and allelic evenness: a low H' indicates an extremely unbalanced frequency class for an individual trait and a lack of genetic diversity. Estimates were made for each character and pooled across characters and regions for morphological descriptor traits, reaction to fusarium wilt, and for agronomic traits (Table 6 ). The West Asia region had highest pooled H' for morphological descriptor traits (0.39 ± 0.070) and agronomic traits (0.57 ± 0.012). Seed colour (0.62 ± 0.083) among morphological traits and days to 50% flowering (0.58 ± 0.025) among agronomic traits had highest pooled H' (Table 6) . Over all the 21 traits, West Asia (0.50 ± 0.033) had the highest H' and Southeast Asia least pooled H' (0.31 ± 0.035). This may be because the southwest Asia, which is one of the primary centers of diversity, is located in the West Asia and the region is represented by 33.1% of collection whereas Southeast Asia is represented by only 0.8% collection from Myanmar. The PCA was used to provide a reduced dimension model that would indicate measured differences among groups. PC 1, which is first and the most important component accounted for 55.7% of total variation. The second PC accounted for 26.5%, and third for the 8.7%. A hierarchical cluster analysis conducted on the first three PC scores (total variation accounted 90.9%) resulted in two clusters (Figure 1) . Africa, South Asia, and Southeast Asia grouped together to form Cluster 1 and the Americas, Europe, West Asia, Mediterranean region, and East Asia formed Cluster 2. This clustering is not surprising considering the trade of chickpea from the Mediterranean region to the countries in West Asia, and between Europe and Americas, and the preference for light coloured largeseeded cultivars. These links facilitate a flow of particular chickpea types between regions. The accessions from all the member regions of Cluster 1, South Asia (90.8%), Southeast Asia (93.0%) and Africa (91.7%) were predominantly of desi type with low 100-seed weight whereas most members of Cluster 2 were predominantly of kabuli type with high 100-seed weight (Tables 2, 3) .
The accessions in Cluster 1 had predominantly low-anthocyanin plants, pink flowers, angular shaped brown or yellow brown seeds with rough seed surface and dots on the seed testa, whereas in Cluster 2 accessions were predominantly non-anthocyanin plants, beige coloured seeds, with smooth seed surface and without dots on seed testa (data not shown). Both clusters differed significantly for all the 13 agronomic traits. Accessions in Cluster 2 took more days to flower and maturity, had taller plants and more tertiary branches, and higher 100-seed weight than the accessions in Cluster 1 (Table 7) . Accessions in Cluster 1 had wider plants, more basal primary branches, apical primary branches, basal secondary branches, apical secondary branches, pods per plant, seeds per pod and higher plot yield than in Cluster 2. Variances of the two regional clusters were heterogeneous (p = 0.0001-0.0156) for all the traits except plant height (Table 7) .
The geographic origins of ICRISAT chickpea accessions indicated significant differences for range of variation for various morphological and agronomic traits. Chickpea most probably originated in an area of present-day Southwestern Turkey and Northern Syria around the upper reaches of the Tigris and Euphrates rivers (Lev-Yadun et al., 2000) . Chickpea spread with human movement toward west to the Mediterranean basin and south toward Indian subcontinent via the Silk Route. In chickpea, like other grain legumes, large-seeded cultivars were common around the Mediterranean basin, whereas the small-seeded predominated eastward. There are linguistic indications that the large-seeded, beige chickpea reached India only two centuries ago, apparently through Afghanistan, as its Hindi name is Kabuli chana (chana = chickpea), an allusion to the Afghanistan capital Kabul. The mean 100-seed weight was highest in the accessions from Europe followed by the Mediterranean region and Americas indicating importance of large seed size in these regions, whereas in the South Asian countries the small-sized desi chickpea are used. Similarly, tall plant types are required for mechanical harvesting in Europe (47.7 cm) and East Asia (45.8 cm) and the accessions from these regions were tallest. This is in contrast with South Asia, Southeast Asia, and Africa where crop is hand harvested and tall plants are not required. The accessions from these regions had the low plant heights (30.0-37.0 cm).
The levels of diversity found for the morphological and agronomic traits indicate that West Asia region in which southwest Asia, one of the primary centers of diversity is located, was adequately represented by 5564 (33.1%) accessions in the ICRISAT genebank. This was also demonstrated by the highest diversity for the morphological descriptors (pooled H' = 0.389 ± 0.070) and agronomic traits (pooled H' = 0.57 ± 0.012) observed in this region. The Mediterranean region (1240 accessions, 7.4%), which is another primary center of diversity and Africa (1123 accessions, 6.7%), which has Ethiopia, the secondary center of diversity, were not adequately represented numerically in ICRISAT collections. Accessions from some of these countries are available in the International Center for Agricultural Research in the Dry Areas (ICARDA), where the genebank holds 9717 accessions of chickpea of which 5521 are unique and not duplicated in the ICRISAT genebank. However, there is need to explore useful crop diversity for special purposes such as resistance to diseases and other biotic stresses for utilization in chickpea improvement programs.
